The susceptibility of tobacco protoplasts to infection with cowpea chlorotic mottle virus varied with the age both of the plants and leaves used as a source for the protoplasts. The efficiency of infection for freshly prepared and stored protoplasts could be increased by an improved direct inoculation procedure. Poly-Lornithine, poly-e-arginine, poly-e-lysine and poly-D-lysine were all effective in inducing infection, the first stage of which may occur within 2o s of exposure to inoculum. The effects of temperature, injury and sodium azide on infection suggested that the limiting process during inoculation is not controlled by enzymes. The yield of virus per infected protoplast was decreased by some antibiotics but not affected by various other additives to the culture medium.
INTRODUCTION
Protoplasts obtained from leaf mesophyll cells provide a system for the study of synchronous multiplication of plant viruses (Aoki & Takebe, I969; Takebe & Otsuki, I969; Coutts, Cocking & Kassanis, 1972; Hibi & Yora, I972; Motoyoshi et al. I973 a; Otsuki & Takebe, I973; Shalla & Petersen, 1973; Motoyoshi, Bancroft & Watts, 1974; Motoyoshi & Hull, 1974; Otsuki et al. ~974) . Once the procedures have been mastered, the method is extremely reliable and sensitive. There are, however, several sources of difficulty, which may prevent either the production or the infection of competent protoplasts. Some problems concerning the preparation of protoplasts have been considered elsewhere (Watts, Motoyoshi & King, 1974) , and here we discuss others which have special relevance to the infection of protoplasts.
METHODS
Protoplasts were prepared from the leaves of Nicotiana tabacum (cv White Burley) and infected with cowpea chlorotic mottle virus (CCMV) or its RNA by the procedure of Motoyoshi et al. (I973a) .
Inoculation methods
The two-stage method. This was the procedure of Otsuki et al. (I97Z) and Motoyoshi et al. (I973 a) . A vol. of a suspension containing about 2 × IO 6 protoplasts in o'7 M-mannitol was centrifuged for 2 min at 8o g. The protoplasts were then resuspended in IO ml o'7 Mmannitol and immediately mixed with lO ml o'7 M-mannitol buffered with o.oz M-sodium citrate (pH 5"z) (CBM) containing 1/zg CCMV and z #g poly-L-ornithine/ml. After IO min * Leaf position indicates the number of leaves from the base of the stem (see Fig. I ). t Determined 48 h after inoculation.
at 25 °C, the protoplasts were collected, washed three times with 0"7 M-mannitol containing IO -~ M-CaC12 and cultured (Motoyoshi et al. I973a) .
The direct method. A vol. of a suspension of protoplasts was centrifuged as before, but the pellet was resuspended directly in Io ml CBM containing I #g CCMV and 2 #g poly-Lornithine/ml. The suspension was then diluted with Io ml 0"7 M-mannitol and treated from this point as in the two-stage method.
Assay of virus. The percentage of protoplasts infected was determined by the fluorescent antibody technique (Motoyoshi et al. x973 a) . The amount of virus present was determined either by lesion assay or by direct physical measurement after density gradient sedimentation (Motoyoshi et al. I973a, b) . Both assays had a reliability of about + ~o %.
Radioactive virus. This was prepared by the method of Motoyoshi et al. (I973 b) and had a specific radioactivity (14C) of 2 x 107 ct/min/mg virus, distributed approx, equally between protein and RNA. It was used during inoculation at 0"05 #g/ml.
Chemicals. The polycations were: poly-L-ornithine (mol. wt. I2OOOO, Pilot Chemicals Division of New England Nuclear Corp. Boston, Mass.), poly-D-lysine (mol. wt. 70 ooo) and poly-L-arginine (tool. wt. 55000) (Sigma London Chemical Co. Ltd, London, England), poly-L-lysine (mol. wt. 50 ooo, Koch-Light Laboratories Ltd, Colnbrook, Bucks, England).
[r-14C]-DL-valine (specific radioactivity 25 mCi/mmol) was obtained from The Radiochemical Centre, Amersham, Bucks, England.
RESULTS

Choice of leaf material
The conditions necessary for the production of satisfactory protoplasts for use in regeneration studies are described elsewhere (Watts et al. I974) . The requirements for virus work are rather different. They may be summarized as follows: (I) under the glasshouse conditions employed in our experiments, plants 40 to 60 days old provided leaves 25 to 35 cm long which were suitable for the preparation of protoplasts (Motoyoshi et al. I973 a) . (2) Plant growth needed to be rapid and uninterrupted, otherwise leaf material was Table I were similar to the leaves in the bottom row, numbering from left to right.
unsatisfactory. The average temperature of growth was 22 °C; even a reduction of ~'5 °C damaged the plants for protoplast work, although much higher temperatures could be tolerated. (3) Plants younger than 40 days had leaves that were too soft to handle easily, and the protoplasts obtained were often fragile, dying overnight. In general, however, the younger the plants from which protoplasts were obtained the more readily they could be infected. (4) Plants older than 6o days often gave protoplasts which contained much starch and, in extreme cases, small protoplasts which were difficult to sediment. Susceptibility to infection was low. A high efficiency of infection depends on two critical factors: the ability of the protoplasts to acquire virus, and the competence of the protoplasts to support virus proliferation, as judged by the yield of virus per infected protoplast. Table I shows an experiment with a plant 49 days old; the leaves used were 30 to 35 cm long and were the third to fifth leaves from the base of the plant. A similar plant is illustrated in Fig. I, 2 . All three leaves gave satisfactory protoplasts, but those from the highest leaf were by far the most susceptible to infection. Yields of the order of I to io × IO 6 virus particles per infected protoplast were usual, and there was no obvious consistent correlation between susceptibility to infection and the yield of virus. This is illustrated by the other experiments in Table 1 in which older plants were used. It can be seen that the older the plant, the lower the susceptibility of the protoplasts to infection regardless of the age of the leaf used. The yield of virus per infected protoplast was similar in all leaves from all plants, irrespective of age, and therefore suggests that the competence of a protoplast to produce virus once it was infected remained substantially unchanged.
The precise reasons why plant age and leaf condition are so critical are not known. The relative constancy from experiment to experiment of the yield of virus from an infected protoplast shows that the metabolism of the protoplasts was not the limiting factor. The change in susceptibility would appear rather to be due to changes in the ability of the protoplast to absorb virus. It is the protoplasts from younger leaves of younger plants that are fragile and most often show damage, and it is precisely these protoplasts that can be most easily infected. These facts are almost certainly connected with the profound change in the general physiology of the intact plant when it moves from the phase of rapid vegetative growth into that of flowering (Watts et al. I974) ; this results in a change in leaf physiology that may be related to metabolic deficiencies or excesses.
Pre-inoculation conditions for infection with cowpea chlorotic mottle virus
Protoplasts were inoculated as soon after preparation as possible. Preparation is a lengthy process and it would be convenient in some experiments if the protoplasts could be stored overnight before inoculation. This proved impossible by the original procedure of Otsuki et al. (~97z) . Table 2 shows that little infection was obtained with protoplasts that had been stored overnight in culture medium with or without hormones before inoculation. It was thought that this effect might have been due to wall regeneration, but treatment of the protoplasts with fresh enzyme solutions disrupted many of them. Another possibility was that calcium ions in the culture medium stabilized the membranes and reduced susceptibility to infection. Table 3 shows that exposure to calcium salts before inoculation did in fact significantly reduce the level of infection. The effect was not reversed by treatment with EDTA before inoculation, nor did pre-treatment with EDTA increase susceptibility significantly when no cation was added. A new inoculation procedure made it possible to infect stored protoplasts with relatively high efficiency. The direct method of inoculation, described in Methods, exposes the protoplasts to virus inoculum during resuspension. The few seconds * Determined z4 h after inoculation. t 3 #g 2,4-dichlorophenoxyacetic acid and I #g 6-benzylamino purine/ml. o'I mr~ 2 3 2' 3 by 2 mM-EDTA * Molarities refer to the concentration of CaCI2 in 0"7 M-mannitol used to wash the protoplasts before or after inoculation.
t Determined 24 h after inoculation.
delay between resuspension and exposure to virus that is a feature of the two-stage method of inoculum is avoided, and a greater percentage of protoplasts becomes infected. The yield of virus from protoplasts inoculated after storage was at least as high as that of the control (Table 2) .
Inoculation conditions for inoculation with cowpea chlorotic mottle virus Polyeations
Poly-L-ornithine is known to promote the infection of protoplasts by tobacco mosaic virus (Takebe & Otsuki, ~969) and by CCMV (Motoyoshi et al. I973a ) . In its absence little infection could be produced by simple mechanical inoculation, e.g. by agitation of a mixture of virus and protoplasts, with or without the addition of carborundum (600 mesh, I mg]ml), using a vortex mixer. It was, however, possible to substitute a number of other polycations for poly-L-ornithine. DEAE dextran (mol. wt. 5 × Io5) was very toxic, and did not promote infection. However several homopolymers of basic amino acids were about as effective as poly-L-ornithine (Table 4 ). This result indicates that: (i) the tool. wt. of the polycation is not critical, in the range of 5oo0o to i2oooo, although the larger polymers were more effective; (ii) the effects of the L-and D-lysine polymers did not differ widely. If the action of the polycation were to increase membrane permeability, e.g. by promoting pinocytosis, some difference between the isomers would be expected (Ryser, I967).
Inoculation sequence
The product of interaction between CCMV and poly-L-ornithine is the agent active in infection. Virus alone, or virus and polycation following each other in either order were all unable to cause infection; only the addition of both together was effective. Further, it was essential to mix the two components at least 5 min before inoculation if maximum infection was to result; this effect was absent when inoculating with virus RNA, presumably due to the rapidity with which the RNA was degraded during pre-incubation. No infection was observed when pre-incubation of RNA and poly-g-ornithine was continued for 40 min at o °C. Otsuki et al. (I972) observed that high percentages of infection with tobacco mosaic virus can only be obtained if the protoplasts are sedimented and resuspended immediately before they are inoculated with the virus + poly-L-ornithine mixture. Any delay, even of seconds, can decrease infection. The same is true of inoculation with CCMV. It is possible to satisfy this requirement and at the same time simplify the procedure by resuspending the protoplasts directly in the virus + poly-g-ornithine solution. This modification, together with a shortened period of pre-incubation of virus and polycation was especially useful in work with virus RNA, because prolonged manipulations, even at o °C, caused loss of infectivity.
Inoculation time
The standard time of exposure to inoculum has been Io min with both tobacco mosaic virus and CCMV (Otsuki et al. I97Z; Motoyoshi et al. I973a) . This was probably a satisfactory compromise, although when infectivity was low, prolonged inoculation caused a significant increase in the level of infection. More often, however, over 5o % of the protoplasts were infected within IO rain and there was therefore no advantage in prolonged inoculation. Again, the condition of the protoplast seems more important than other considerations, and with susceptible protoplasts, optimum absorption of virus was reached within z to 5 min. This conclusion is supported by the data for the amount of radioactive virus absorbed onto the protoplasts. Within the limits of experimental error absorption was maximal within 20 s.
Inoculation temperature
Inoculation at o °C gave almost as much infection as inoculation at 25 °C. Even prolonged incubation at o °C did not greatly reduce the percentage of infection. It follows that the inoculation * Sodium azide was used at a concentration of o. I raM. t Inoculation required Io min treatment with virus+ poly-L-ornithine mixture followed by four washes with azide-free 0"7 M-mannitol containing ~o -4 M-CaCIg; 'immediately after inoculation' was therefore about 40 min after the IO rain inoculation period.
Determined 24 h after inoculation except in Expt. 4 when the interval was 48 h.
limiting step in infection is not appreciably temperature dependent and is therefore unlikely to be an energy-dependent biological process such as pinocytosis.
Sodium azide
Sodium azide was found to be an efficient inhibitor of the metabolism of tobacco protoplasts. Sodium azide 0O-4M) reduced incorporation of [14C]-valine into the proteins of tobacco protoplasts by over 99 %. Further, the effect was rapidly and completely reversible if exposure was not too prolonged. Thus protoplasts which were incubated for 3o rain in medium containing azide, washed and returned to normal medium containing [14C]-valine, proceeded to incorporate radioactivity at a rate indistinguishable from the control. A method was thus available' switching' protoplast metabolism off and on in a rather precise fashion.
The mode of action of the sodium azide is uncertain; it is known to inhibit oxidative respiration but it also inhibits many other systems. Its ability to inhibit protein synthesis totally and reversibly at such low concentrations was unexpected because energy reserves were presumably available. However, higher concentrations of azide were not fully reversible in this way, and prolonged exposure caused cell death.
When protoplasts were inoculated and cultured in the presence of lO -4 M-sodium azide, the results (Table 5) show that: 0) the presence of azide both before and during inoculation did not affect the percentage of protoplasts infected. A sample, inoculated in the standard way was centrifuged and the protoplasts were resuspended in the supernatant inoculum mixture.
§ A sample was inoculated by resuspension in IO ml inoculum mixture and immediately centrifuged and resuspended in Io ml fresh inoculum for the number of treatments indicated. Thus 4 resuspensions means that the protoplasts were treated with a total of 4 x to ml inoculum.
substantially independent of the metabolism of the protoplast; (ii) the presence of azide prevented the multiplication of virus (Table 5 , expt. 3). Staining with fluorescent antibody showed a low percentage of infection but the amount of virus produced was too small to detect; (iii) although azide suppressed development of virus, relatively high percentages of infection were observed when the protoplasts were transferred to azide-free medium. In expt. 4 of Table 5 there was a relatively large percentage of infection among the surviving protoplasts after 21"5 h in azide. Because virus multiplication could not occur in the presence of azide, it follows that the virus had irreversibly absorbed to the protoplasts and remained in a potentially active state under conditions that were killing the cell.
Amount of injury
If injury is important, then a repeated damaging of the protoplast surface should increase the percentage of infection during inoculation provided the protoplasts remain alive. That this is the case is shown by Table 6 in which the results from two experiments done simultaneously with the same batch of protoplasts are described. In the first experiment, inoculation was by the normal direct procedure, but one sample was centrifuged immediately after addition of virus+poly-L-ornithine and the protoplasts were resuspended in the original inoculum. The additional manipulation increased infection by over 5o %. In the second experiment (using the same batch of protoplasts as in expt. I) the inoculum contained only one-fifth the amounts of virus and poly-L-ornithine normally used in the direct method, but successive resuspensions in fresh inoculum were used to increase infection. Successive resuspensions progressively increased infection until, after four resuspensions, it stood at more than twice that in the normal control in expt. I. It should be appreciated that the actual amount of virus and poly-L-ornithine used for four resuspensions in expt. 2 was only 80 % of that used in the control of expt. I.
One further piece of information may be extracted from Table 6 . The yield of virus per infected protoplast was about the same for the protoplasts regardless of their history. The i at 72 h, 2 at 48 h, 3 and 4 at 24 h, 5 at entrance of virus was the limiting factor rather than the competence of differently treated cells to support virus multiplication.
Inoculation with RNA
The conditions of inoculation that were most satisfactory for intact virus were also effective for virus RNA. The free RNA was presumably much more susceptible to degradation by ribonuclease released from damaged protoplasts, and there were advantages to inoculating in the cold. Unlike intact CCMV, infection with which is substantially independent of pH within the range 4"7 to 5"7 (Motoyoshi et al. I973a ) , infection with RNA was rather sensitive to pH. In one experiment, o-8 % protoplasts were infected at pH 4.8, 3"o % at pH 5"o, 6.0 % at pH 5-2 and 2-6 % at pH 5"5-Pre-treatment of the protoptasts with 0"7 z~-mannitol ~7-2 at different pH values in the range 5"o to 6.2 before inoculation at pH 5-2 had no beneficial effect, whilst values below pH 5"o were inhibitory.
Conditions of culture of infected protoplasts
The medium normally used to culture infected protoplasts was a minimal medium in which normal wall regeneration and cell division do not occur; it lacked both sucrose and growth hormones (Takebe, Otsuki & Aoki, I968; Motoyoshi et al. I973 a) . The addition of sucrose, 2,4 dichlorophenoxyacetic acid (2,4-D) and 6-benzylaminopurine (6BA) did not improve percentages of infection or yields of virus. It would appear that there was sufficient reserve of sucrose (starch) and other metabolites to allow uninterrupted virus development.
Contamination of cultures by microorganisms can be an embarrassment during experiments lasting several days and attention was given to the choice of antibiotics to control growth of fungi and bacteria. Various workers have used either a combination of the penicillin, cephaloridine, with the antifungal agent rimocidin (Takebe et al. I968) or gentamicin with mycostatin (Watts & King, I973 a) . Following the work of Watts & King (1973 b) , however, a combination of the penicillin, carbenicillin, and mycostatin was selected for routine work. The antifungal agent mycostatin was extremely effective at controlling fungal infections and was not more inhibitory than rimocidin to virus development (Table 7) even at concentrations well in excess of that necessary to control fungi (about 25 units/ml). Amphotericin B, which is known to be more toxic to protoplasts than mycostatin, did not reduce the proportion of protoplasts that became infected, but at the lowest concentration examined (2"5 #g]ml) reduced virus yield by about 75 % (Table 7) . For reasons of availability and low toxicity, mycostatin at 25 units/ml would appear to be a satisfactory choice for virus work.
The penicillins appear not to inhibit the metabolism of protoplasts (Watts & King, 1973 b ) and large concentrations both of cephaloridine and of carbenicillin could be used without affecting virus multiplication. Carbenicillin has a wider anti-bacterial spectrum than has cephaloridine and was therefore used routinely.
Several other antibiotics were examined. Kanamycin, an extremely stable antibiotic used in animal cell tissue culture, inhibited virus development at all the concentrations examined; it appears to be much more toxic to plant than animal cells (Watts & King, I973b) , but the reason is not known. Gentamicin, an antibiotic with a wide anti-bacterial spectrum has been used by several workers (Evans, Woodcock & Keates, I973; Watts & King, I973a) but is inhibitory to healthy protoplast metabolism at concentrations as low as 25 #g/ml. Table 7 shows, however, that it did not significantly affect virus development at concentrations up to Io/zg/ml and even at 2o #g/ml the effect was minimal. We have found that a combination of gentamicin at 5/zg/ml with carbenicillin (25o #g/ml) and mycostatin (25 units/ml) provides excellent control of microbial infections without seriously impairing protoplast metabolism, for periods of weeks when necessary, provided mycostatin is replenished every 3 to 4 days. Some data obtained with tetracycline are also shown in Table 7 -The main feature of interest was that the antibiotic reduced the yield of virus without reducing the fraction of the protoplasts that was infected. There was thus a tetracycline resistant component of virus multiplication.
DISCUSSION
Variations in the susceptibility of protoplasts to infection constitute a major difficulty in the use of protoplasts in virus studies. Partial control of the problem can be obtained however by attention to the quality of the leaf material used in the preparation of protoplasts, and by the use of the direct method of inoculation. It may also be useful to replace poly-gornithine with a less toxic polycation, for example, poly-L-lysine, which will allow the use of more concentrated mixtures of virus and polycation.
Largely on the basis of studies with the electron microscope, viruses are thought to enter protoplasts by pinocytosis or an analogous process of active transport (Cocking, I97O; Hibi & Yora, I972; Otsuki et al. I972) . The conditions that influence infection suggest however that entrance of CCMV into the protoplasts is by passive physical absorption rather than by active transport, such as pinocytosis. Thus absorption of virus is very rapid and relatively insensitive both to temperature and the metabolic inhibitor sodium azide. Poly-gornithine is essential for infection by negatively-charged viruses (Aoki & Takebe, I969; Takebe & Otsuki, 1969; Motoyoshi et al. 1973 a; Otsuki & Takebe, i973; Shalla & Petersen, I973; Otsuki et al. I974) and has been supposed to function by stimulating pinocytosis of virus particles, infections with positively charged viruses like pea enation mosaic virus (Motoyoshi & Hull, I974) and brome mosaic virus (Motoyoshi et al. I974) do not, however, have an essential requirement for poly-L-ornithine. Further, only the product of interaction of CCMV and poly-L-ornithine causes infection, neither component used separately or consecutively promotes infection. It is probable therefore that a primary role of poly-Lornithine is the modification of the negative charge on the virus, perhaps even giving it a positive charge, to assist its approach to, and absorption by, the negatively charged protoplast surface.
This conclusion is supported by the results obtained with other polycations. DEAE dextran, a promotor of pinocytosis by animal cells did not assist infection, but a range of polymers of basic amino acids was almost as effective as poly-g-ornithine. Ryser (I967) has shown that the relative stimulations of pinocytosis by an animal cell (mouse sarcoma) are about 6: 3: ~ for poly-L-ornithine, poly-D-lysine and poly-g-lysine of the tool. wt. used in this work. No effect of this size, as judged by percentage infection, was observed with tobacco protoplasts. If active absorption is involved, it must therefore be very different from pinocytosis in animal cells.
it is difficult to imagine why sedimentation and resuspension of the protoplasts immediately before inoculation should be essential for a high efficiency of infection if virus enters by active transport. If, however, infection is a passive absorption then it may be that resuspension activates the membrane, possibly through the production of damaged areas. A rather speculative model of infection by CCMV might be: (I) modification of the virus charge, possibly to a net positive value, together with aggregation of virus particles plus polycation; (2) production of the damaged areas of the protoplast surface by resuspension; (3) absorption ofvirus-polycation aggregates by the protoplast surface, either at the damaged areas, as suggested by Burgess, Motoyoshi & Fleming (I973 a, b) or through a plasmalemma in some way rendered more permeable by the presence of local discontinuities.
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